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Subject: A study of the height and frequency of waves acting on the tailrace
slopes and riverbanks during the 1949 flood season at Grand
Coulee Dam--Columbia Basin Project

PURPOSE

By field and model tests, obtain data for predicting the characteris-
tics of the wave action in the river below Grand Coulee Dam at large floods--
the information to be used in determining the adequacy of proposed riprap
protection to the tailrace slopes, river banks, and river channel.

CONCLUSIONS

1.  The wave action generated by the spillway flow in the Columbia
River immediately below Grand Coulee Dam, is irregular. The frequencies
vary from 0.6 to 1.5 waves per second and the heights from 3 inches to
7.5 feet for flows in the neighborhood of 300, 000 cfs.

2. Waves between 15 and 20 feet high can be expected along the river
.banks below Grand Coulee Dam during a capacity flood of 1, 000, 000 cfs.

3. Much of the riprap material placed on the tailrace slopes and river
banks below the dam will be disturbed by wave action. Rocks up to 6 inches
will be tossed together with logs and other debris into windrows along the
shore. There will be considerable readjustment of larger material partic-
ularly where the slopes are steep or piles of the material exist.  Much of
this readjustment will take place as a result of the smaller material being
washed from between and beneath the larger, causing the latter to roll down
the slopes. This action was observed, as well as recorded by survey
The records are shown as Figures 11, 12, 13, 14 and 15 of this report.

4. Approximate wave heights and frequencies such as those occurring
at Grand Coulee Dam during flood periods can be recorded satisfactorily by
means of staff gages and a motion picture camera.

5. The nature and appearance of the wave action on the 1 to 60 model
is not similar to that on the prototype at flows corresponding to less than
approximately 350, 000 cfs. The’spillway flow on the model does not plunge
through the water in the bucket fo form a roll over the bucket lip as on the
prototype in this capacity range.




6. The nature and appearance of the wave acuon at higher flows on the
model are similar to those for the prototype, but measurements indicate
the model wave heights to be relatively smaller at representative discharges.

7. The relationship between wave height and discharge was linear for
the model and data indicated it should be the same for the prototype, even
though the air entrainment and viscos;.ty are not to scale. The wave he1ght
of 15 to 20 feet given in (2) above is based on this linear relatlonshlp

8. A general reduction in velocities in the river channel below the
dam will result from the resloping of the tailrace slopes-and river banks,
and the reshaping of the river channel. The currents adjacent to the banks
should be less severe, and this, together with the flatter slopes, should
provide a more stable riprap surface.
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The work covered by this report was performed at the project
during the mmonths of May and June 1949, under the direction of James
W. Ball and BD. M. Lancaster of the Denver Hydraulic Laboratory, who
wish te acknowledge the able assistance of project personnel in the suc-
cessful accomplishment of this assignment.

INTRODUCTION

Background information

in the early construction plans (1935) only the excavated slopes
of the powerhouse tailraces below Grand Coulee Dam were to receive a
protective armor of riprap. That this protection would not be adequate to
prevent severe damage to the tailrace slopes and riverbanks during large
fioods was indicated by tesis on a 1:120 scale model representing the con-
struction stage in which the flood waters were diverted through the west
cofferdam area. The testing was continued in 1936, and in view of the
results and the abundance of rock available on the project during con-
siruction. the thickness and extent of the riprapped surfaces were in-
creased over that tesied in the model. Operation of the spillway. and ex-
perience with slides in the riverbanks below the full-sized structure, in
a few seasons previous to 1944, served to emphasize the importance of
providing adequate proieciion in these areas. As many pertinent model
tests as time would aliow were made in 1944 on the 1 to 60 model at the
project. From the test program it appeared that slopes of € o 1 would
be required i1n areas atiacked severely by waves and that the slopes could
be steepened in areas where ihe size of the waves decreased.

The problem of resloping and protecting the riverbanks was again
explored by tests on the-1 to 60 model during the period May to August of
1945. as a continuation of the work done in 1944 and reported in Hydraulic
Laboratory Report 174, Using the results of the two studies as a guide
and resloping the tailrace surfaces and riverbanks of the model to form
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a gradual transition from the tailraces to the natural riverbanks a short
distance upstream of the highway bridge, a satisfactory treatment was
evolved, giving a minimum of movement along the banks. At this time, a
comparison of wave heights from the model and prototype disclosed that
the waves were more severe at small discharges in the prototype than
was indicated by the model; and it was believed that a better correlation of
data would result at higher corresponding discharges.

In the intervening period from August of 1945 until the latter part
of 1948, some resloping of the riverbanks was carried out, but no infor-
mation of particular value concerning the size of the riprap stone required
for waves of different heights was obtained. Considerable damage to the
slopes occurred during the flood of 1948 when riprap was removed from
some of the vulnerable areas adjacent to both tailraces. The greatest
damage occurred on the left side of the river where the slopes were steepest
and where areas of the underlying clay surfaces became exposed. In Jan-
uary of 1949, a board of consultants made a field examination and review of
possible river channel improvements immediately downstream from Grand
Coulee Dam. In this connection, motion pictures of the behavior of the
waves generated in the tailrace and channel areas during the 1948 filood
were shown; they were especially valuable in weighing the evidence of
damage to the channel slopes and in judging the extent and character of
additional bank protection which should be supplied. During this confer-
ence, the hope was expressed that arrangements would be made during
future flood flows to secure motion pictures of the spillway bucket and the
waves in the adjacent downstream portions of the river channel in even
greater detail than vas accomplished in 1948.

A memorandum from J. J. Hammond to the Chief Designing En-
gineer, dated April 13, 1949, subject "Wave height for determination of
riprap rock sizes--Channel Improvement--Grand Coulee Dam'' recom-
mended that data be obtained on the wave action in the tailrace and along
the river channel during the flood season of 1949. In conjunction with
these measurements, tests at corresponding discharges were to be made
on the 1:60 scale model for correlation. This plan was subsequently ap-
proved, and Messrs. Ball and Lancaster of the Hydraulic Laboratory
carried out the program of obtaining information concerning wave heights
in the Grand Coulee ’am tail bay during the period May 4 to June 17 of
1949. : ]

Test Facilities for Prototype

The height of waves acting on the riverbanks downstream of Grand
Coulee Dam were obtained by photographing painted staff gages with a 16-
mm motion picture camera during the flood season. The locations of tF .
camera and gages are marked on a plan view of the Grand Coulee Dam
tailbay (Figure 1). Staff gages No. 1, 2, and 3, for both right and left
riverbanks (Figures 2A and B), were marked with a white band at 6-inch
intervals on 6-inch standard pipe. Sections of 10-inch-diameter pipe 4
feet long were embedded in the riverbanks, within which, lengths of 6-inch
pipe were placed and concreted. The 6-inch staffs were installed so




that the highest on the left bank was identified by a single circular mark, the
intermediate by two circular marks, and the lowest by three circular marks.
The right bank had a similar identification system, except that' trianguiar
marks were used for identification. Staff Gages No. 4R and 4L were painted
on the faces of the powerhouses in. the bays of Units 5R and 5L, and .extended
from elevation 960 to 8990 (Figure 3A). The gages were marked with white
lines 6 inches wide at 6-inch intervals. A-staff gage was pamted on the 7~
1/2-~fogt diameter No, 1 access shaft of the bucket caisson in the drydock
(Figure 3B), This staff started at elevation 960 and extended to B85 and also
was marked with white lines 6 inches wide at -6-inch intervals. S

To obtain wave heights at positions 1, 2, 3, and 4 (Figure 1), the
pile hammer suspended from the high line was pamted on three sides (Fig-
ures 4A and B). The markings on this staff were 12-inch white bands at
1-foot intervals.

As a further aid in recording wave height, pressure cells were
mounted at the bases of Staff Gages 2R and 2L. These cells were not used
because the anticipated flood peak for this season did not materialize, thus
leaving the maximum water surface in the tail bay below that at which the
cells were placed. One additional pressure cell was mounted at the bottom -
of the pile hamimer which was lowered into the river to record pressure .
variation below the water surface caused by the passing of waves at the sur-
face. For recording surface variations with the camera, a rope staff was
stretched between the cell and a point on the highline cable car. Flags
were tied to this rope, red at intervals of 5 feet and white at intervals of
1 foot. The lowest red flag on the rope was 15 feet from the pressure cell,
and the top red flag was 35 feet from the pressure cell. Two white flags
{1-foot spacing) were placed above the top red flag.

Test Facilities for 1:60 Model

Wave measurement. The 1:60 model of Grand Coulee Dam con-
structed and maintained near the site of the dam was placed in operation to
obtain model wave data correspcnding to that for prototype discharges.
Because of the size of the model, instrumentation for obtaining wave action
and height was dlj’ferent than that used in the prototvpe

An electrical wave measuring system was used in the model A
schematic diagram of the electrical circuit used in this device appears in
Figure 5G. Two electrodes consisting of pairs of stainless-steel rod were
used in this equipment, one pair for balancing the electrical bridges in still
water and the second for the actual wave measurement. To reference the
device with the average water surface, Electrode B was compietely im-
mersed in still water, Electrode A was immersed to the midpoint of the
pair of steel rods and the bridge circuit balanced to give a zero deflection
on the galvanometer. The fluctuating water surface due to wave action
varied the immersion of Electrode A and unbalanced the circuit in the
direction of water movement. The amount of deflection of the galvanometer
was directly proportional to the amplitude of surface displacement. The




equipment permitted either a visual observation of the wave action on a screen
in the form of a light trace from the galvanometer or a recording of the wave
action on photographic paper in an oscillograph.

Velocity meuasurement. Water flow direction and velocity was ob-
tained on the model for two tail bay topography plans, {1) present and (2) ulti-
mate, using paper confetti, a stop watch, and a scale.

Test Procedure and Tabulation of Data

Protorvpe. Wave action and height on the various staff gages in the
tat)] buy of the prototype structure were recorded for river {lows of 266. 000,
313.000, and 346,000 cfs. This was accomplished by taking 16-mm motion
pictures al 16 frames per second of the staff gages from previously estab-
lished camera stations. Data obtained were made directly usable by view-
mg each frame of the film in a microfilm reader, and iabulating per frame
the water surface variation on each staff gage. These tabulated records
were the means of obtaining the length of time of staff gage observations, the
magnitude of the water surface fluctuation, ‘and the average water surface
bv averaging the tabulated values,

in the use of the pressure cell mounted on the pile hammer, the
pressure variation transmitted by the cell was recorded on photographic
paper in the oscillograph. Moving pictures in color were utilized in photo-
graphing the water surface, and its action upon the rope staff placed above
rhe pile hammer. Camera and oscillograph were started simultaneously
for correlating surface fluctuation with pressure cell variation.” Pressure
and surface variations were recorded for two cell depths. 14.45 and 29,60
feet below the surface. The color moving pictures were viewed and tabulated
records made of the surface variation,

1:60 model. Wave aciion in the model was recorded for correspond-
ing starions of the prototype as shown in Figure 1, The data for the model
were obtatned for discharges representing 400, 000, 450, 000, 500.000, and
750.000 cfs  in addition to those taken on the prototvpe. These data were
recorded graphically by the oscillograph, acting through the electrical wave
measuring device. - The water surface fluctuations of the model were obtained
from ‘he records by the use of suirtable constants taken from the electrical
Circutt,

To measure the direction and velocity of water flow, paper conferti
vas dropped on the water surface, The direction of the flow was noted, and
the velocity of the paper confetti was determined by using a stop watch to time
the paper during its travel between two arbitrarily selected points.

RESULTS OF WAVE STUDIES

Water Surface Fluctuation Prototvpe

For comparison of the maximum water surface fluctuation in both
the model and prototype the tabulated values taken from the motion pirture
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film and the oscillograph records were utilized. The tabulated water surface
elevations were used in the following way:

LOWEST STAFF RIGHT SIDE-1R

Discharge 266, 000 cfs 966.
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Water surface fluctuations were recorded as the number of feet
eievation change between troughs and peaks. as indicated in Figure 5F.
To establish a percentage for the occurrence of the various sizes of the
waves . the toial number of each size in increments of 0.25 foot was com-
pared to the total number of fluctuations indicated by the tabulation. These
percen‘ages were plotted against the amplitude of fluctuation in feet for
each staff gage and discharges of 266,000, 313, 000, and 346,000 cfs.
Points plotied in the above charts were connecied by straight lines. be-
cause no general curve seemed to average all of the points.
These data may be used for estimating the number of waves of each size
to be expected at each of the five gaging'positions in the tail bay for these

river fiows.

Model and Prototvpe Conformity

(Figure 5).

Viscous resistance - while negligible for waves longer than a few
feet, becomes increasingly important for shorter waves, according to
studies cited by J. W. Johnson in "Scale Effects in Hydraulic Models In-
volving Wave Motion" !. Height reducfion due to internal friction becomes

1/Transactions. American Geophysical Union Volume 30 Number 4,

August 1949,




significant for wave periods considerably less than 1 second as it also does
for wave lengths shorter than'l foot. Wave periods in the model were less
than 1 second, varying to as low 'as approximately 0.2 secord. The periods
of the major prototype waves were greater than 1 second. Model wave
lengths could not be: obtained from the oscillograms and no definite obser-
vations were made of the prototype lengths although they were estimated
from 20 to 100 feet. v - : L

Wave types in the model and prototype were similar. That is in
deeper water prototype and model, the wave height (2 times the amplitude)
was less than the depth; and in shallow water (that on the riprapped slopes)
the wave height was greater than'the depth. An oscillatory wave occurs in
the first instance and a breaking wave in the second. Model waves broke
upon the shore but they evidenced practically none of the prototype violence.
Dynamic pressures of the prototype wave acting upon the slopes or walls
for the waves which break, may result in peak pressures 10 tirnes the
maximum dynamic pressure PVZ2 of the approaching wave according to
G. H. Kenlegan, ''Wave Motion''?. Model and prototype waves were ap-
parently somewhat dissimilar in this respect. ' y ‘

A comparison of the height similitude of the wave action in the
Grand Coulee tail bay with that in the model was based on an average
fluctuation value (Figure 6A). Average values were used in the similitude
ratio to minimize the effect of a maximum value that occurred in tests on
either the model or the prototype. The maximum ratio of the average
prototype to model fluctuation was 8.6 to 1 at the right bank and the mini-
mum 1.8 to 1 at the caisson access shaft in the 1949 range of prototype
discharge. Comparisons based on the maximum fluctuation values at the
five measuring stations have ratios that varied from a maximum of 5.4
to a minimum of 2.5 for the 1949 flood (Figure 6B'to 6F). A ratio of
1.4 to 1 occurred at the caisson access shaft station for the 1948 flobd of
570, 000 cfs. Available data were insufficient for Stations 1L, 1R, 4L
and 4R to determine a curve which would indicate the ratio of model to
prototype fluctuation. ‘ '

Extrapolation of the model data for .Station 1R to a maximum de-
sign discharge of 1,000, 000 cfs results in a maximum water surface fluc-
tuation of 12 feet. If, as indicated by data of Station 5R, the prototype
fluctuation increases linearly with discharge, a prototype fluctuation of
approximately 20 feet would be possible in the vicinity of 1R. Extrapola-
tion of the data at Stations 1L,,,4L, 4R, and 5R on the same premise,
results in a maximum water fluctuation of approximately 21 feet.

There is photographic evidence of a flow pattern change in the
vicinity of the roller bucket for model discharges representing 266, 000,
346, 000, and 500, 000 cfs and ‘a prototype discharge of 570, 000 cfs (Fig-
ure 7 and 8). A roller of water is visible immediately downstream of
the bucket at a discharge on the model representing 500, 000 cfs. This
roller is also visible but of less magnitude at discharges representing
266, 000 and 346, 000 cfs. The prototype has a definite roller at a dis-
chargeof 570, 000 cfs and at all discharges in excess of about 100, 000 cfs.

2/ Engineering Hydraulics, Edited by Rouse.
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The quantity of air insulflated by the water in the model roller bucket is rela-
tively smaller than that of the prototype and does not . remain mixed:for a'com-
parable distance downstream, The air quantity does increase with discharge.

The changes in flow conditions may be indicated by the decreasing
values of the average prototype to model fluctuation, but the limited range
of prototype discharge prohibited a definite conclusion (Figure 6A). The
decreasing model to prototype ratio would indicate that scale effect de-
creases as the discharge increases although again limited discharge pro-
hibited a definite conclusion (Figure 6B). It was concluded from the data -
that fluctuations on the banks in the vicinity of the staff gages were likely
to be in the order of 15 to 20 feet for the design discharge of 1,000, 000 cfs.

Freqguency of Surface Fluctuation

To determine the frequency of water surface variation at the five
measuring stations, the total time of camera operation at 16 frames per
second was obtained for each tabulation. The total number of fluctuations,
0. 25 foot or greater, also obtained from the tabulations, was then divided
by the total time to give the number of fluctuations per second. The results
are shown in Table 1.

Table I

MEASURING STATION

River flow Fluctuations/ second
cfs 1R 4R 5R 1L 41,
266, 000 1.4 % 1.5 * , K
313,000 0.7 0.8. 0.9 1.0 0.7
346,000 % 1.3 1.0 1.0 0.6

*No record

Table 1 may be used with the charts of Figure 5 to determine for
a given length of time approximately how many fluctuations of a given mag-
nitude mayv be expected. For example, at Station IR, river flow of 313,000
xfs for a period of 1 hour, from Table 1, there would be 2,520 fluctuations
during the hour. If the fluctuation in question was of a magnitude of 4 feet,
then from Figure 5A, for 313,000 cfs, 11 percent, or approximately 270
fluctuations at 1R would be 4 feet in height.

Measurement by Pile Hammer

The measurement of water surface fluctuation at Stations 1, 2, 3,
and 4 by means of the staff painted on the pile hammer, was unsuccessful.
Forces exerted by waves and water velocity moved the pile hammer to such
an extent that the reading of the staff was practically impossible.




Pressure Cell on Pile Hammer 1

No conclusion resulted from the meager and inconsistent information
obtained from the pressures registered by the cell mounted on the pile ham-
mer and their relation to the height of the water surface fluctuations.

Surface Velocity in Tail Bay--1:60 Model

Water surface velocities along the tail bay riverbanks in the 1:60
model were obtained for river flows representing 266, 000, 500, 000, and
750, 000 cfs: These discharges were used for both the present and ulti-
mate topography plans with the resulting velocities shown in Figures 9
and 10, The maximum prototype velocity in the tail bay indicated by
these data was 7.7 feet per second at a discharge of 750, 000 cfs. This
velocity occurred for both topography plans on the riverbank irmmedj-
ately downstream of the left powerhouse and near Station B, 0+00 on
both riverbanks for the present plan., With the flattened slopes in the
ultimate topography plan, the increase in cross-sectional areas will
result in a general reduction in the velocities throughout the tail bay.

Movement of Riprap

Groups of rocks at various stations on both sides of the tailrace
banks were located by survey and marked before high water of May 1949.
Individual rocks of the groups varied in shape and weight and were chosen
at random to represent a general gradation of riprap in the area (Figure
11, 12, 13, and 14). After the flood season, a re-survey noted the move-
ment of the rocks that remained (Figure 15). Many of the rocks and
some groups were not recovered because of readjustments of the riprap
cover. Those rocks moved and recovered after the flood indicate the
extent of readjustment.

9
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Figure 2 " &
Report Hyd 336

A. Staff gages 1R and 2R on right bank of Grand Coulee
Dam tailbay - River Flow 313, 000 cfs

B. Staff gage 1L on left bank of Grand Coulee Dam tailbay
River Flow 215, 000 cfs

Wave Action at Staff Gages
Wave Studies - Grand Coulee Dam




Figure 3
Report Hyd 336

B. Staff gage on Number 1 access tower of the bucket
caisson - River Flow 313,000 cfs

Wave Action at Right Powerhouse and Cassion Staff Gages
Wave Studies - Grand Coulee Dam




Figure 4
Report Hyd

A. 10-ton pile driver hammer staff gage in operation
River Flow 313, 000 cfs

B, Movement of pile hammer by forces exerted by waves
and water velocity - River Flow 346, 000 cfs

Wave Action in River at Pile Hammer Gage Stations
Wave Studies - Grand Coulee Dam
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REPORT HYD, 336
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FIGURE 6
REPORT HYD. 336
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Figure 7
Report Hyd

1:60 Model of Grand Coulee Dam operating at a
discharge representing 266, 000 cfs

B. 1:60 Mode! of Grand Coulee Dam operating at a
discharge representing 346, 000 cfs

Model - Conditions for Discharges Representing 266,000 and 346, 000 cfs
Wave Studies - Grand Coulee Dam




Figure 8
Report Hyd 336

A. 1:60 Mode! of Grand Coulee Dam operating at a
discharge representing 500, 000 second feet

B. Grand Coulee Dam operating at a discharge of
570, 000 second feet

Flow Conditions for Model Operating at Flow Representing 500, 000 c¢fs and for
Prototype with 570, 000 cfs
Wave Studies - Grand Coulee Dam
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Figure 11
Report Hyd 336

Marked Riprap, group"A", Station A34+55, 33, B12+59. 05

B. Marked Riprap, group ""C', Station A32+73.84, B11+06, 63

Original Rock Positions - Marked Riprap Groups A and C on Right or East River Bank
Wave Studies - Grand Coulee Dam ’
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Figure 11 )
Report Hyd 336

A, Marked

3. Marked Riprap, group "C", Station A32+73.84, B11+06, 63

Original Rock PPositions - Marked Riprap Groups A and C on Right cr East River Bank
Wave Studies - Grand Coulee Dam




Figure 12
’ Report Hyd 336

A. Marked Riprap group "D", Station A32+35.28, B9+96. 73

R. Marked Riprap group "'G", Station A33+81. 42, B4+17, 37

Original Rock 1Positions - Marked Riprap Groups D and G on Right or Fast River Bank
Wave Studies - Grand Coulee Dam




Figure 13
Report Hyd 336

3. Marked Riprap, group "D, Station Al4+34, Bil+40

Original Rock Pasitions - Marked Riprap Groups N and DD on Left or West River Bank
wave Studies - Grand Coulee Dam




Figure 14
Report Hyd 336

"D", Station A14+34, B11+40

Marked Riprap group "Y', Station A15+06,4, B10+68.6

Original Rock Position - Marked Riprap Groups D and Y on Left or West River Bank
Wave Studies - Grand Coulee Dam




FIGURE 15

REPORT HVD. 336
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